Selective opacification of the coronary arteries offers a singular opportunity to study the pathological anatomy of coronary artery disease in intact humans. Littmann (1962) , Ross (1963) , and Likoff et al. (1964) have noted electrocardiographic responses associated with selective coronary opacification in man, but no comprehensive study of these changes appears to have been made. This report is based on a review of electrocardiographic changes in 71 patients during bilateral selective coronary artery opacification.
SUBJECTS AND METHODS
The 71 patients ranged in age from 27 to 69 years (Table I) . They were studied in order to establish the presence or absence of discernible coronary artery disease as a cause of their chest pain and/or abnormal electrocardiograms, or to help define the etiology of chest pain in a patient with valvular (usually aortic) heart disease, or, in two cases, congenital heart disease. Coronary arteriography was carried out on 46 patients to confirm or exclude the presence of isolated coronary artery disease; 15 patients had primary aortic valve disease, 6 had primary mitral valve disease, one had an atrial septal defect (secundum type), and one had a cardiomyopathy of undetermined rtiology.
Selective left and right coronary arteriography was performed by the technique of Sones and Shirey (1962 
RESULTS
The electrocardiographic responses to selective injection of contrast media are characterized by changes typical of left coronary artery or right coronary artery injection, or, in 15 cases, a synthesis of the changes seen in left and right coronary artery injections. These changes will be termed left coronary artery response, right coronary artery response, and bilateral coronary artery response, respectively. In no case did left coronary opacification produce a right coronary artery response.
The relation between electrocardiographic response and coronary artery abnormalities, as demonstrated by cine-arteriography, is shown in Table II. Of the 57 patients (30%) with left coronary artery response to selective opacification, 17 had arteriographic abnormalities of one or both coronary arteries. These lesions ranged from slight plaque formation to complete occlusion. Only 2 of the 15 patients (13%) with bilateral coronary artery response had normal coronary arteries, as noted on cine-arteriography. One of these 2 patients was later found at operation to have marked narrowing of the right coronary artery ostium, which was not evident on the coronary arteriogram. In only one of the 15 patients (7%) with bilateral coronary artery response was the presence of significant coronary artery obstruction not evident.
Electrocardiographic data from all the 71 patients are given in Table III . Two consecutive electrocardiographic shifts, involving the QRS complex, ST segment, and T waves, were demonstrated in 15 patients during opacification of one coronary artery (to be discussed later), and are not included in the tabulations of the QRS, ST, and T wave shifts of that specific vessel. The contralateral coronary artery injections in these 15 patients were not distinguishable from the other patients (except for T wave changes as noted below) and are, therefore, included in the tabulation. All patients are Mean Frontal QRS Amplitude. Right coronary artery opacification produced an increase in mean frontal QRS amplitude in 64 per cent of patients, and no amplitude changes were noted in the remainder. Left coronary artery opacification produced an increase in mean frontal QRS amplitude in 32 per cent of patients. None of the 5 patients with an arteriographically abnormal left coronary artery demonstrated a significant increase in mean frontal QRS amplitude. In no case was a decrease in amplitude evident.
Amplitude of QRS in Lead II. Right coronary artery opacification produced an increase in the amplitude of QRS in lead II in 64 per cent of patients, and the amplitude was unchanged in the remainder. Amplitude increase was more frequent in patients with normal coronary arteries. A change QT Interval. Both right and left coronary artery opacification produced QT prolongation in all patients, though not necessarily with each contrast injection. The QT prolongation was not necessarily rate related (Fig. 1) . In some cases, it was probably due to prominent U waves (Fig. 2) . U Waves. U waves were occasionally very prominent following selective opacification of either coronary artery. They were not necessarily related to rate ( Fig. 2A) nor synchronous with T wave changes (Fig. 2B) Whether coronary artery obstructive disease increases the size and/or number of vessels to the atria is unclear.
Mean frontal plane QRS amplitude increased or was unchanged following both right and left coronary artery opacification. More variable changes, including decrease in QRS amplitude, were noted when only lead II was studied. This is not surprising when it is recalled that the mean frontal QRS vector may increase in magnitude at the same time that it shifts away from the lead II axis. Amplitude increases were greatest when maximal opacification was obtained. This may be the reason for a higher incidence of QRS amplitude increase following right coronary artery injection, since the right coronary artery sometimes seemed to opacify better than the left.
T wave amplitude, as determined by simultaneous bipolar leads, increased in almost all patients. In the four patients in whom T wave changes were not evident, two had complete or almost complete occlusion of the injected artery, and one had atrial fibrillation with an irregular baseline which may have obscured small T wave changes.
The QT interval increased in at least one opacification of both left and right coronary artery arteriograms in every patient. This change was not necessarily rate related, but may in some cases have been due to prominent superimposed U waves.
The heart rate decreased in most patients and remained constant in the others. A transient speeding of the heart rate sometimes followed bradycardia, but did not occur in its absence.
(2) Electrocardiographic Changes Characteristic of Right Coronary Artery Opacification. Changes characteristic of right or left coronary artery opacification were limited to mean QRS, ST, and T vector shifts, as identified in the frontal plane by means of simultaneous recording of leads I, II, and III, or, to a lesser extent, lead II alone. The characteristic response is a smooth shift in the mean QRS vector to the right and simultaneous ST and T vector shifts to the left (Fig. 3) . The amplitude of the QRS complex in lead II increased or remained unchanged in all patients following right coronary artery opacification. The T wave in lead II decreased in amplitude, and became inverted, or more deeply inverted, in 65 of 70 patients. The remaining 5 patients revealed an increase in positivity of the T wave in lead II. All 5 of these patients had a bilateral coronary artery response to left coronary artery opacification, and gross coronary artery obstruction. teristic electrocardiographic response to left coronary artery opacification is a smooth shift in the mean QRS vector to the left with simultaneous ST and T vector shifts to the right (Fig. 4) . The amplitude change in the lead II QRS complex was variable, increasing, decreasing, or remaining unchanged. The T wave in lead II became positive or less inverted in all cases. f the 15 patients, 7 showed very prominent colDuring coronary artery opacification, 15 patients lateral flow around the obstructed vessel. The one had cardiographic changes different from those patient whose coronary arteriogram revealed no described above. The initial QRS, ST, and T obstruction had calcific aortic stenosis with a 145 wave changes in 14 patients were characteristic of mm. Hg systolic pressure gradient across the the changes anticipated in the vessel being opacified valve at rest, and both electrocardiographic and as described above. The changes then reversed radiological evidence of left ventricular hypertrophy. themselves and were more characteristic of changes associated with opacification of the contralateral vessel. This suggested that contrast media, after a short delay, was perfusing portions of the heart normally supplied by the contralateral vessel (Fig.  5) .
The exceptional patient, the only one with a bilateral response to right coronary artery opacification, initially had T wave shifts usually seen following left coronary artery opacification, with a subsequent reversal to the changes seen with right coronary artery opacification (Fig. 6) Clinical Significance. Zoll, James, and others (Zoll, Wessler, and Schlesinger, 1951; Baroldi, Mantero, and Scomazzoni, 1956; James, 1960 James, , 1961 Fulton, 1964a, b) have demonstrated intercoronary and intracoronary artery anastomotic channels in the post-mortem study of normal hearts. These channels were found to be larger in diseased hearts, particularly in association with coronary artery disease or ventricular hypertrophy. - Serial responses suggestive of segmental opacification of both coronary arteries were present in 15 patients. These changes suggest that the contrast medium first perfused the myocardium that the artery usually supplied, then perfused at least a portion of the myocardium most commonly supplied by the other major coronary artery. Of the 15 patients with bilateral coronary artery response, 14 had marked obstructive disease of the major coronary arteries; 5 of the 15 had ventricular hypertrophy evident by electrocardiographic or radiological evaluation. All of the 15 patients had conspicuous coronary obstructive disease and/or evidence of ventricular hypertrophy. Of these 15 patients with bilateral responses, 6 had large collateral vessels, evident on selective coronary cine-arteriography. These relationships suggest that the bilateral electrocardiographic response to selective coronary artery opacification is a response indicating the existence of intercoronary anastomotic channels. Persons with a diminutive right coronary artery and dominant perfusion of the right heart from branches of the left coronary artery might conceivably demonstrate the bilateral electrocardiographic response to selective left coronary artery opacification, but such a phenomenon was not evident in this study.
The electrocardiographic changes recorded during the study of 71 patients by selective coronary arteriography are presented. The electrocardiogram was monitored continuously during and immediately following contrast injection with warm Hypaque R.
The electrocardiographic changes common to both right and left coronary artery injection were characterized by a decrease in P wave amplitude, an increase in mean frontal QRS amplitude, an increase in the mean T vector amplitude, and a shift in the mean ST and T vector away from the mean QRS vector. The heart rate slowed and the QT interval increased.
The electrocardiographic changes of right coronary artery opacification were characterized by a smooth shift of the mean QRS vector to the right and simultaneous shifts of the mean ST and T vectors to the left. These changes were termed "right coronary artery response".
The electrocardiographic changes of left coronary artery opacification were characterized by a smooth shift of the mean QRS vector to the left and simultaneous shifts of the mean ST and T vectors to the right. These changes were termed "left coronary artery response".
Electrocardiographic changes revealing characteristics of both the left and right coronary artery response were noted in 15 patients. These changes were initially those of left coronary artery response and then changed to vector shifts seen in right coronary artery opacification. There were, therefore, two major QRS-ST-T vector shifts during selective opacification of one coronary artery. Of the 15 patients who demonstrated this response, 14 had evidence of significant coronary arterial obstructive disease. These changes were termed "bilateral coronary artery response". Seven of the 15 patients demonstrated prominent collateral flow around the obstructed artery. The one patient who did not have evidence of coronary obstruction had calcific aortic stenosis, with a peak systolic pressure gradient across the aortic valve of 145 mm. Hg, and electrocardiographic and radiological evidence of left ventricular hypertrophy.
The bilateral coronary artery response in 15 patients suggests that contrast medium perfused the myocardium which the artery usually supplies (with the one exception noted above), then perfused at least a portion of the myocardium most commonly supplied by the other major coronary artery. The bilateral electrocardiographic response to selective coronary artery opacification suggests the existence of intercoronary anastomotic channels.
